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9 Abstract Ar:O2 low pressure plasma (Ar:O2 LPP) surface treatment is proposed for
10 increasing the surface energy and improve the adhesion of wood-polyethylene composite.
11 The treatment time was varied between 20 and 90 s and the conﬁguration of the shelves
12 inside the plasma chamber (direct and secondary downstream) was also changed. Ar:O2
13 LPP treatment during 30–40 s created new surface carbon–oxygen groups, increased the
14 surface energy, mainly its polar component, reduced roughness and caused ablation of
15 wood-polyethylene composite, irrespective of the conﬁguration of the shelves inside the
16 plasma chamber. The increase of the treatment time above 40 s did not cause additional
17 surface modiﬁcations. Adhesion of the wood-polyethylene composite was noticeably
18 increased when was treated with Ar:O2 LPP. The surface modiﬁcations of Ar:O2 LPP
19 treated wood-polyethylene composite were partially lost during 24 h after treatment.
20 Keywords Wood-plastic composite (WPC)  Argon–oxygen low pressure
21 plasma  Conﬁguration of the plasma chamber  Surface treatment  Adhesion  Ageing
22
23
24 Introduction
25 Wood plastic composites (WPCs) are used as substitute of wood materials in outdoor
26 applications because of their higher ageing resistance and greater mechanical properties.
27 WPCs are used in furniture, building and automotive industry, although their main
28 applications are as materials for decking, railing, siding, and panelling with improved
29 outdoor resistance.
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30 WPC is made of wood ﬂour, polymer and additives (biocides, lubricants, ultraviolet
31 stabilizers…) [1]. The polymer constitutes 30–70 wt% of WPC composition, polyethylene
32 (PE), polypropylene (PP) and poly (vinyl chloride) (PVC) are the most common. The
33 additives are added in about 5 wt% and they are used for imparting speciﬁc properties and
34 improving compatibility between the polar wood material and the non-polar polymer [1].
35 During processing, the surface of WPC is enriched in polymer imparting relatively low
36 surface energy, making it difﬁcult to bond with adhesives or applying coatings. Nowadays,
37 the joining of WPC material is mainly made by means of nails or by mechanical inter-
38 locking, this method is limited in WPC pieces with irregular geometrical shape. Alter-
39 natively, WPC material can be mechanically anchored to metallic structure [2], but the use
40 of adhesives is not feasible due to its low surface energy. Furthermore, the application of
41 coatings on WPC for being painted or decorated is not possible so dyes or colorants are
42 currently added during WPC manufacturing.
43 In order to improve the adhesion of WPC to coatings, its low surface energy should be
44 increased by means of surface treatments. Several physical and chemical surface treat-
45 ments for different WPCs have been proposed in the literature [3], the surface treatment of
46 WPC with ﬂame, sanding, oxyﬂuorination, chromic acid and corona discharge are the most
47 common [1, 4–7]. The most of those treatments caused notable improvement in adhesion
48 properties of WPC, the most effective was the chromic acid treatment; however, due to
49 environmental concerns, this treatment need to be substituted. The use of atmospheric
50 pressure plasmas have been proposed for improving the polarity and adhesion properties of
51 WPC. Thus, Moghadamzadeh et al. [7] have treated WPC made with high density poly-
52 ethylene (PE) with corona discharge for improving its pull-off adhesion and the increased
53 adhesion was ascribed to modiﬁcations of the surface roughness and the creation of new
54 surface chemical groups. Similarly, Akhtarkhavari et al. [8] have found that the surface
55 treatment of several WPCs by corona discharge caused adhesion improvement and paint
56 ability. Other surface treatments with different atmospheric plasmas have been proposed
57 for improving the surface properties of WPCs [9–11]. Wolkenhauer et al. [12] have used
58 dielectric barrier discharge for improving the adhesion properties of different WPCs made
59 with PE and they found an increase in surface energy caused by the surface chemical
60 modiﬁcations produced by the treatment. Similar ﬁndings were obtained by Liu et al. [13]
61 and Hu¨nnekens et al. [14]. Surface treatments with atmospheric pressure plasmas have also
62 been applied to WPC made with polypropylene (PP), high wettability and high adhesion
63 were obtained [15, 16]. More recently, Ya´n˜ez-Pacios and Martı´n-Martı´nez [17, 18] pro-
64 posed the surface treatment of different WPCs with atmospheric pressure plasma jet and
65 UV/ozone, improved adhesion was obtained due to increased surface energy, modiﬁcation
66 of surface roughness and creation of new polar carbon–oxygen species. However, the
67 surface modiﬁcations of WPC treated with atmospheric plasmas are lost in relatively short
68 time after treatment (hydrophobic recovery) [19]. Hydrophobic recovery of non-polar
69 materials can be better controlled by treatment with low pressure plasmas (LPPs) [20].
70 Air low pressure plasma (LPP) surface treatment of WPC has been proposed for
71 improving its polarity [21] but the adhesion properties were not studied. Gupta et al. [22]
72 have treated WPCs made with PE and PP with oxygen LPP and compared their effec-
73 tiveness with other surface treatments (chromic acid, ﬂame, benzophenone activated by
74 UV irradiation), similar adhesion results were obtained although lower improvement in
75 wettability and adhesion was obtained by using the treatment with benzophenone activated
76 by UV irradiation. Air or oxygen LPP surface treatments produced ablation, crosslinking,
77 chain scission, and surface roughening of polyethylene and WPC made with PE, and all
78 these surface modiﬁcations were responsible of their improved adhesion [4, 21, 22].
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79 However, for substantial improvement in adhesion, WPC made with PE needs the treat-
80 ment with oxygen LPP for 30 min and WPC made with PP should be treated for 10 min
81 [22], the treatment times were high and different conditions were needed for WPCs made
82 with different polymers.
83 It has been shown that the conﬁguration of the plasma chamber during LPP treatment
84 noticeably affected the extent of the surface modiﬁcations of rubber materials [23, 24]. The
85 different conﬁgurations of the shelves in the plasma chamber allow different plasma
86 species of distinct energy to reach the material surface, and different extent of surface
87 modiﬁcations can be produced. For rubber materials, Henry el al. [24] have used direct and
88 downstream air LPP conﬁgurations and Torregrosa-Coque et al. [23] have used direct,
89 etching and downstream oxygen LPP conﬁgurations, and they found notably different
90 surface modiﬁcations depending on the conﬁguration of the shelves inside the plasma
91 chamber. Thus, Henry et al. [24] have found the creation of new carbon–oxygen surface
92 groups, improved wettability and decreased non-dispersive component of the surface
93 energy on the rubber surface treated with direct air LPP during 2 min by using 20 W of
94 power; however, the wettability was not modiﬁed by treating with downstream air LPP
95 even for high discharge power. On the other hand, Torregrosa-Coque and Martı´n-Martı´nez
96 [23] have also reported the creation of new carbon–oxygen species and noticeable decrease
97 of ethylene glycol contact angle values on rubber surface treated with direct and etching
98 oxygen LPP during less than 2 min, the adhesion was not improved due to migration of
99 low-molecular species to the surface during LPP treatment. In order to avoid the migration
100 of low molecular weight species to the surface and improving adhesion, Cantos-Delegido
101 and Martı´n-Martı´nez [25] have treated rubber material with LPPs made with different
102 mixtures of argon and oxygen, and they concluded that the treatment with LPP generated
103 with Ar:O2 (2:1, vol/vol) mixture in direct and etching conﬁgurations produced
104 notable improvement in wettability and improved adhesion of vulcanized rubber material,
105 the best conditions corresponded to 100–400 W power and short treatment times
106 (60–800 s). By considering that the argon LPP treatment produces mainly ablation by ions
107 bombardment of the surface [26] and that oxygen LPP treatment causes severe oxidation
108 and surface functionalization [27], the use of argon ? oxygen mixture may produce an
109 adequate balance between surface modiﬁcation and adhesion which may be beneﬁcial for
110 improving ageing resistance. However, to the best of our knowledge, the conﬁguration of
111 the plasma chamber during LPP treatment of WPC has not been considered yet in the
112 existing literature.
113 In this study Ar:O2 (2:1, vol/vol) LPP treatment for short time and by using different
114 conﬁgurations of the shelves in the plasma reactor is proposed for improving the surface
115 properties and adhesion of WPC made with PE, the stability of the surface modiﬁcations is
116 monitored with time after treatment (ageing).
117 Experimental
118 Material
119 Commercial wood ﬂour ﬁlled high density polyethylene composite (PE-WPC) made by
120 extrusion in the form of alveolar boards was supplied by Condepols Company (Jaen,
121 Spain). PE-WPC was cut into pieces of 3 9 7 cm2 for LPP treatment and characterization.
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122 Surface Treatment with Low Pressure Plasma (LPP)
123 Radiofrequency (13.56 MHz) Digit Concept NT1 (BSET EQ, Antioch, CA, USA) plasma
124 reactor was used to modify PE-WPC surface properties. The plasma was generated from a
125 mixture of argon: oxygen (2:1, vol/vol). In previous recent study [25], the effectiveness of
126 argon: oxygen (2:1, vol/vol) LPP was demonstrated, and this gas mixture was chosen in
127 this study for balancing physical modiﬁcations and ablation and chemical modiﬁcations by
128 oxidation on PE-WPC surface.
129 Two different shelves conﬁgurations were used in this study (Fig. 1): (1) Secondary
130 downstream, in which PE-WPC sample is placed on the ﬂoating shelf located between the
131 power and ground shelves; (2) Direct, in which PE-WPC sample is placed over the power
132 shelf. PE-WPC is exposed directly to plasma in direct conﬁguration, but indirectly in
133 secondary downstream conﬁguration.
134 Irrespective of the conﬁguration of the shelves in the reactor, Ar:O2 LPP treatment was
135 carried out at 200 W of power, the treatment time was varied between 20 and 90 s, and the
136 residual pressure into the reactor was 800 m Torr (1 kPa). Because of PE-WPC contains
137 relatively signiﬁcant amounts of moisture, the residual pressure used in this study during
138 LPP treatment of PE-WPC is higher than usual [22, 23], and it was selected to create
139 chemical and physical surface modiﬁcations without changing PE-WPC bulk composition.
140 Experimental Techniques
141 IR Spectroscopy
142 The chemical modiﬁcations in the PE-WPC surface produced by Ar:O2 LPP treatment
143 before and after ageing were assessed by attenuated total reﬂectance infrared spectroscopy
RF SOURCE
GAS IN
PLASMA
Sample
VACUUM
Ground shelf
Direct shelf
Floating shelf
Valve
RF SOURCE
GAS IN
PLASMA
Sample
VACUUM
ValveGround shelf
Direct shelf
Secondary Downstream
Direct
Fig. 1 Shelves conﬁgurations of
LPP Digit Concept NT1 reactor
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144 (ATR-IR) in Alpha spectrometer (Bruker Optiks, Etlinger, Germany); Germanium prism
145 was used. Sixty scans were averaged with a resolution of 4 cm-1. The incidence angle of
146 the IR beam was 45. Under these experimental conditions, about 1 lm surface depth of
147 PE-WPC surface was analyzed.
148 Contact Angle Measurements
149 Contact angles were measured at 25 C before and after ageing on as-received and Ar:O2
150 LPP treated PE-WPC surface in Rame´-Hart 100 goniometer (Netcong, NJ, USA) and two
151 different test liquids were used. 4 ll drops of bidistilled and deionised water (polar liquid)
152 and diiodomethane (non-polar liquid) were placed on PE-WPC surface, and the contact
153 angle values were measured immediately after drop deposition. The advancing and
154 receding angles were measured by using the tilting plate method. Because of the contact
155 angle values obtained by the sessile drop method agreed well with the advancing contact
156 angle values, the advancing contact angle was considered as representative of the surface
157 properties of WPC. At least ﬁve drops of each test liquid were placed on different locations
158 of PE-WPC surface and the contact angle values on both sides of the drops were measured
159 and averaged.
160 The surface energy (cS) and its polar ðc
p
SÞ and dispersive ðc
d
SÞ components of the as-
161 received and Ar:O2 LPP treated PE-WPC were obtained from the water and diiodomethane
162 advancing contact angle values. Assuming that cS ¼ c
p
S þ c
d
S; the calculation of the polar
163 and dispersive components of the surface energy of PE-WPC was carried out by using
164 Owens–Wendt approach—Eq. (1):
ð1þ cos hiÞ c
d
i þ c
p
i
 
¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃ
cdi c
d
S
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c
p
i c
P
S
q 
ð1Þ
166 where ci is the surface tension of the test liquid used to measure the contact angle, hi is the
167 advancing contact angle value, and the superscripts p and d mean the polar and dispersive
168 components respectively of the surface tension of the test liquids or the surface energy of
169 PE-WPC. The components of the surface tension of water were c
p
water = 51 mN/m and
170 c
d
water = 21.8 mN/m, and the ones for diiodomethane were c
p
CH2I2
= 0 mN/m and
171 c
d
CH2I2
= 50.8 mN/m.
172 Scanning Electron Microscopy (SEM)
173 The changes of the surface topography of PE-WPC by treatment with Ar:O2 LPP before
174 and after ageing were assessed in Jeol JSM-840 microscope (Jeol Ltd., Tokyo, Japan)
175 working at 15 kV. For improving contrast, PE-WPC surface was gold coated in Au/Pd
176 Balzers metallizer SCD 004 (Oerlikon Surface Solutions, Balzers, Liechtenstein).
177 Adhesion Measurements
178 The changes in adhesion of PE-WPC by treatment with Ar:O2 LPP before and after ageing
179 were monitored by 180 peel tests of as-received or Ar:O2 LPP treated PE-WPC/Magic
180 Scotch acrylic adhesive tape joints in TA-XT2i texture analyzer (Stable Micro Systems,
181 Godalming, UK) by using a peeling rate of 10 mm/s (Fig. 2). Rectangular pieces of PE-
182 WPC of dimensions 3 cm 9 7 cm and pieces of Magic Scotch tape (3 M, Minnesota,
183 USA) of 18 cm 9 1.9 cm were used. The adhesive tape was applied over the WPC surface
AQ3
AQ4
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184 and 30 consecutive passes with a rubber roller of 2 kg were carried out for allowing
185 intimate contact between the PE-WPC surface and the adhesive tape. For facilitating the
186 attachment of the adhesive joint to the upper clamp during 180 peel test, about 11 cm
187 length of the adhesive tape was not joined to the PE-WPC. For adhesion test, the PE-WPC
188 specimen was attached to the lower clamp and the adhesive tape was attached after being
189 plied to the upper clamp (Fig. 2). Five replicates for each joint were carried out and
190 averaged.
191 Results and Discussion
192 Optimization of Ar:O2 LPP Surface Treatment of PE-WPC
193 In low pressure plasma reactor, the electric potential is applied between the power and the
194 ground shelves, the power shelf has the highest electric potential in which all plasma
195 species are created and concentrated. In the primary plasma mode (direct conﬁguration) for
196 generation of active plasma species, the materials are placed directly in the gas discharge,
197 on or near the electrode plates of the reactor with full exposure to the working species of
198 the plasma. Secondary plasma is typically used when a less intense plasma exposure is
199 desired. Downstream secondary plasma (secondary downstream conﬁguration) relies on
200 the transfer of the active species (ions, electrons, radicals, and byproducts) from an
201 upstream primary discharge to a secondary process chamber or sample placement area.
202 Downstream secondary plasma contains the same types of active species as a primary
203 discharge, but with lower kinetic energy and lower gas temperature [24]. Therefore, it can
204 be anticipated that the LPP in direct conﬁguration will create more extended surface
205 modiﬁcations of PE-WPC placed on the power shelf, whereas the surface treatment in
206 secondary downstream conﬁguration, in which the PE-WPC is placed in a different shelf
207 than the power shelf, will be exposed to softer non-equilibrium plasma with lower ion
208 density, and thus less aggressive surface modiﬁcations can be expected.
209 Figure 3a, b show two different regions of the ATR-IR spectra of the as-received and
210 Ar:O2 LPP treated PE-WPC in secondary downstream shelves conﬁguration (downstream
WPC
Scotch 
adhesive
tape
Clamps
Fig. 2 Scheme of 180 peel
adhesion test
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211 LPP) between 20 and 90 s. The ATR-IR spectrum of PE-WPC shows typical bands due to
212 lignocellulosic material—broad stretching band of OH groups at 3340 cm-1, stretching
213 C=O bands at 1633 and 1740 cm-1, hydroxyl group band at 1023 cm-1 (the most
214 intense)—and polyethylene –C–H stretching bands at 2842–2950 cm-1, C–H bending
215 bands at 1375 and 1455 cm-1 [28]. By considering that the relative intensity of the band of
216 hydroxyl groups at 1023 cm-1 is higher than the one of the methylene groups at
217 2912 cm-1, PE-WPC surface has relatively important amount of wood content.
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(b)
Fig. 3 ATR-IR spectra of the as-
received and Ar:O2 LPP
(secondary downstream) treated
PE-WPC for different times.
a Region of 3000–2800 cm-1.
b Region of 1750–800 cm-1.
Germanium prism
Plasma Chem Plasma Process
123
Journal : Small 11090 Dispatch : 20-4-2018 Pages : 16
Article No. : 9899 h LE h TYPESET
MS Code : PCPP-18-AM-0015 h CP h DISK4 4
A
u
th
o
r
 P
r
o
o
f
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F
218 Mild treatment of wood-polyethylene composite with Ar:O2 LPP (downstream) for 20 s
219 decreases the intensity of the C–H stretching bands at 2838–2949 cm-1 (Fig. 3a) and the
220 C–H bending bands at 1376–1454 cm-1 (Fig. 3b) due to methylene groups of poly-
221 ethylene, and the intensity of the C=O band due to wood material decreases, suggesting
222 that ablation of PE-WPC surface is produced. However, the increase of the Ar:O2 LPP
223 (downstream) treatment time to 30 s rises the intensity of the bands at 2838–2949 cm-1
224 (Fig. 3a) and 1376–1454 cm-1 (Fig. 3b) corresponding to polyethylene, indicating the
225 enrichment in polymer of PE-WPC surface; furthermore, the Ar:O2 LPP (downstream)
226 treatment for 30 s increases the intensity of the stretching C=O band at 1733 cm-1
227 (Fig. 3b) because of surface oxidation of PE-WPC is produced and new carbon–oxygen
228 species are formed. The increase of the Ar:O2 LPP (downstream) treatment time above
229 30 s shows similar ATR-IR spectra, indicating that the effectiveness of the treatment is not
230 increased because of no additional surface modiﬁcations are produced. According to the
231 literature [4, 21, 22] oxygen or air low pressure plasma treatment of wood plastic com-
232 posites also creates new C–O groups, similarly to the surface treatment of PE-WPC with
233 Ar:O2 LPP.
234 Figure 4a, b show two different regions of the ATR-IR spectra of the as-received and
235 Ar:O2 LPP treated PE-WPC in direct shelves conﬁguration (direct LPP) between 20 and
236 90 s. Because of PE-WPC is exposed to the just generated plasma species, it can be
237 expected that the Ar:O2 LPP (direct) treatment be more aggressive than Ar:O2 LPP
238 (downstream) one. Ar:O2 LPP (direct) treatment of PE-WPC for 20 and 30 s decreases the
239 intensity of the C–H stretching bands at 2838–2949 cm-1 (Fig. 4a) and the C–H bending
240 bands at 1376–1454 cm-1 (Fig. 4b) of polyethylene, and the intensity of the C=O band due
241 to wood material decreases, the surface ablation of the composite is produced. Similar
242 surface modiﬁcations are obtained by treatment of PE-WPC with Ar:O2 LPP (downstream)
243 for 20 s; however, when the treatment time increases to 30 s, surface oxidation is not
244 produced in PE-WPC treated with Ar:O2 LPP (direct). When the Ar:O2 LPP (direct)
245 treatment of PE-WPC is carried out for 40 s, the intensity of the bands of polyethylene at
246 2838–2949 cm-1 (Fig. 4a) and 1376–1454 cm-1 (Fig. 4b) increases, indicating the
247 enrichment in polymer or the removal of wood ﬁbers in the PE-WPC surface, and fur-
248 thermore an increase of the intensity of the stretching C=O band at 1733 cm-1 (Fig. 4b) is
249 obtained because of surface oxidation of PE-WPC is produced and new carbon–oxygen
250 species are formed. The increase of the Ar:O2 LPP (direct) treatment time above 40 s
251 shows similar ATR-IR spectra but the intensity of the C=O bands is lower suggesting that
252 less noticeable removal of wood ﬁbers and lower degree of oxidation is produced, i.e., the
253 ablation is dominant over the oxidation of PE-WPC surface.
254 According to the evidences provided by ATR-IR spectroscopy, the optimal surface
255 modiﬁcations of Ar:O2 LPP treated PE-WPC are obtained by treatment during 30 s in
256 secondary downstream conﬁguration or during 40 s in direct conﬁguration, the effects of
257 the Ar:O2 LPP treatment are less marked by using longer treatment time. The creation of
258 new polar groups on Ar:O2 LPP treated PE-WPC surface should improve its surface
259 energy. Figure 5 shows the variation of the surface energy of Ar:O2 LPP treated PE-WPC
260 in secondary downstream and direct conﬁgurations as a function of the treatment time. The
261 surface energy of the as-received PE-WPC is 39 mJ/m2 (it is shown as dotted line in
262 Fig. 5), the dispersive component is the only one contributing to the surface energy,
263 indicating that the outermost surface of the composite is mostly enriched in polyethylene.
264 The surface energy of PE-WPC increases to 54–57 mJ/m2 by Ar:O2 LPP treatment for 20 s
265 only and more noticeable increase is produced by increasing the treatment time up to
266 30–40 s, the surface energy is not varying by further increasing of the treatment time.
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267 Similar variations in the surface energy of PE-WPC are obtained by using secondary
268 downstream and direct conﬁgurations, a value of 70 mJ/m2 is reached, i.e. twofold increase
269 in surface energy is produced in Ar:O2 LPP treated PE-WPC.
270 Figure 6 shows as representative example the variation of the surface energy and their
271 dispersive and polar components as a function of the treatment time for Ar:O2 LPP (direct)
272 treated PE-WPC. Ar:O2 LPP (direct) treatment for 20 s decreases slightly the dispersive
273 component of the surface energy of the as-received PE-WPC and an important increase of
274 the polar component of the surface energy is produced; the increase of the treatment time
275 does not change the dispersive component of the surface energy of PE-WPC surface but an
276 increase in the polar component is produced up to treatment time of 40 s, not varying by
277 further increase of the treatment time. Therefore, the creation of new carbon–oxygen polar
278 groups in Ar:O2 LPP (direct) treated PE-WPC produces an increase in the polar component
279 of the surface energy, the maximum value is produced by treatment during 40 s; for longer
280 treatment time, the surface energy of PE-WPC does not change. On the other hand, the
281 Ar:O2 LPP (direct) treatment decreases slightly the dispersive component of the surface
282 energy of PE-WPC likely due to ablation which should be evidenced by changes in the
283 surface topography.
284 The changes in the topography of PE-WPC by treatment with Ar:O2 LPP were evi-
285 denced by SEM. Figure 7 shows the SEM micrographs of the as-received and Ar:O2 LPP
286 treated PE-WPC for different treatment times. As-received PE-WPC shows rough topog-
287 raphy and the surface is enriched in polyethylene (Fig. 7). The treatment with Ar:O2 LPP
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Fig. 5 Variation of the surface
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288 for 20 s only changes the topography of PE-WPC producing ablation and smoothening of
289 the surface, and an enrichment in polyethylene, somewhat more markedly by treatment
290 with Ar:O2 LPP (direct). The increase of the treatment time enhances the ablation and
291 somewhat similar topographies are obtained in PE-WPC surface treated with Ar:O2 LPP,
292 the surface topography is similar in the composite treated with Ar:O2 LPP (direct) and
293 (secondary downstream) for 90 s. These results agree well with the ﬁndings of ATR-IR
294 spectroscopy and surface energy, as the more noticeable surface modiﬁcations are pro-
295 duced by treatment of PE-WPC with Ar:O2 LPP for 30–40 s.
296 Figure 8 shows the variation of the 180 peel strength of as-received and Ar:O2 LPP
297 treated PE-WPC/Scotch tape joints as a function of the treatment time. The adhesion of
298 the joint made with the as-received PE-WPC is low (55 N/m) and it is always increased
299 when Ar:O2 LPP treatment is applied. Slight increase in 180 peel strength is obtained in
Downstream LPP 20 s
10µm
Downstream LPP 90 s
10µm
10µm
As-received
Direct LPP 20 s
10µm
Direct LPP 90 s
10µm
Fig. 7 SEM micrographs of the as-received and Ar:O2 LPP (direct and secondary downstream) treated PE-
WPC for different times
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300 the joints made with Ar:O2 LPP treated PE-WPC for 20 s only, irrespective of the con-
301 ﬁguration of the shelves in the plasma chamber (direct or secondary downstream), the
302 increase is due to the increase in surface energy, mainly of its polar component, ablation,
303 removal of roughening, and creation of new polar groups. 180 peel strength increases
304 moderately by increasing the Ar:O2 LPP treatment time, the adhesion is slightly higher by
305 using direct conﬁguration. Interestingly, the highest 180 peel strength corresponds to the
306 joints made with Ar:O2 LPP treated PE-WPC for 90 s [92 N/m for Ar:O2 LPP (down-
307 stream) and 102 N/m for Ar:O2 LPP (direct)]. This increase can be ascribed to the creation
308 of some porosity on the treated PE-WPC surface that is evidenced in the SEM micrographs
309 (Fig. 7) which may favour the mechanical interlocking of the acrylic adhesive with the
310 treated PE-WPC surface.
311 Durability of Ar:O2 LPP (direct) Treated PE-WPC
312 The durability of the Ar:O2 LPP treated PE-WPC surface was monitored as a function of
313 the time (from 1 h up to 2 years) in open air (24 C and 40% relative humidity). Because
314 of the highest 180 peel strength was obtained in the joints made with PE-WPC treated
315 with Ar:O2 LPP (direct) for 90 s, these conditions were selected for monitoring the extent
316 of ageing.
317 The variations in the chemical composition with the time of Ar:O2 LPP (direct) treated
318 PE-WPC were monitored by ATR-IR spectroscopy. Figure 9 shows the ATR-IR spectra of
319 Ar:O2 LPP (direct) treated PE-WPC after being exposed to open air between 1 h and
320 14 days. One hour after Ar:O2 LPP (direct) treatment, the intensity of the broad band at
321 3300 cm-1 due to OH stretching decreases with respect to the intensity of the C–H
322 stretching bands at 2838–2949 cm-1, indicating the enrichment in polyethylene of PE-
323 WPC surface; the increase of the time in open air up to 24 h gradually decreases more the
324 intensity of the broad OH stretching band at 3300 cm-1, indicating gradual loss of polar
325 groups in PE-WPC with the time. The increase of the time above 24 h does not show
326 noticeable changes in the ATR-IR spectra of Ar:O2 LPP (direct) treated PE-WPC, indi-
327 cating stabilization of the surface chemistry. Therefore, the increase of the time after Ar:O2
328 LPP (direct) treatment affects the chemical composition of PE-WPC surface.
329 The increase of the time after Ar:O2 LPP (direct) treatment of PE-WPC also affects its
330 surface energy and their dispersive and polar components. Figure 10 shows the variation of
Fig. 8 Variation of the 180 peel strength of Ar:O2 LPP treated PE-WPC/Magic Scotch
 tape adhesive
joints as a function of the treatment time. All joints show an adhesion failure
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331 the surface energy and their components of Ar:O2 LPP (direct) treated PE-WPC as a
332 function of the time after treatment. Whereas the dispersive component of the surface
333 energy is not affected by the time after Ar:O2 LPP (direct) treatment, 1 day after treatment
334 the surface energy of Ar:O2 LPP (direct) treated PE-WPC decreases from 70 mJ/m
2 in the
335 just treated PE-WPC to 63 mJ/m2 after 1 day, and it is maintained constant for longer
336 times. The decrease in surface energy of Ar:O2 LPP (direct) treated PE-WPC with the time
337 after treatment can be ascribed to the decrease in the polar component, in agreement with
338 the evidences shown by ATR-IR spectroscopy. However, even the surface energy
339 decreases with the time after treatment, after 7 days the surface energy of Ar:O2 LPP
340 (direct) treated PE-WPC after 7 days is 60 mJ/m2, which is substantially higher than the
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Fig. 9 ATR-IR spectra of the as-
received and Ar:O2 LPP (direct)
treated PE-WPC for 90 s at
different times after treatment.
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341 one of the as-received PE-WPC indicating a reasonable durability of the treatment over the
342 time.
343 With respect to the variations of the surface topography of Ar:O2 LPP (direct) treated
344 PE-WPC with the time after treatment, Fig. 11 shows that is maintained even up to 2 years.
345 Finally, the variation of the 180 peel strength of Ar:O2 LPP (direct) treated PE-WPC/
346 Magic Scotch adhesive tape joints was monitored as a function of the time after treat-
347 ment. The joints were made with Ar:O2 LPP (direct) treated PE-WPC exposed to open air
348 at different times after treatment. Figure 12 shows an important decrease in 180 peel
349 strength in the joints made with Ar:O2 LPP (direct) treated PE-WPC produced after 1 day
350 of treatment, which can be expected because of the loss of polar groups evidenced in the
351 ATR-IR spectra and the decrease in the surface energy shown in Fig. 10. The increase of
352 the time after treatment between 1 and 7 days maintains the 180 peel strength, in
353 agreement with the evidences provided by ATR-IR spectroscopy and surface energy
354 measurements, indicating the existence of hydrophobic recovery. Therefore, additional
355 studies should be carried out for inhibiting the hydrophobic recovery in LPP treated PE-
356 WPC materials. Therefore, the Ar:O2 LPP treatment of PE-WPC during short time is
357 efﬁcient and acceptably stable over the time and it is promising for improving the adhesion
358 and paint-ability of wood-plastic composites.
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Fig. 10 Variation of the surface energy (cT) and their polar (c
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Fig. 11 SEM micrographs of Ar:O2 LPP (direct) treated PE-WPC for 90 s immediately and 2 years after
treatment
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359 Conclusions
360 Ar:O2 LPP treatment for less than 90 s in direct and secondary downstream conﬁgurations
361 of the shelves in the plasma chamber changed the surface chemistry, surface energy,
362 topography and adhesion of PE-WPC. Ar:O2 LPP treatment created new carbon–oxygen
363 polar moieties on PE-WPC surface which are responsible of the increase in surface energy,
364 mainly of its polar component; furthermore, the Ar:O2 LPP treatment removed roughness
365 and produced ablation on PE-WPC surface. These effects are maximal for Ar:O2 LPP
366 treatment for 30–40 s, the increase of the treatment time did not modify substantially the
367 surface properties of PE-WPC irrespective of direct and secondary downstream conﬁgu-
368 rations of the shelves in the plasma chamber. Because of the surface modiﬁcations pro-
369 duced on PE-WPC, the 180 peel strength of joints made with Ar:O2 LPP treated PE-WPC
370 increased two-fold with respect to the one made with the as-received composite. The
371 durability of Ar:O2 LPP treated PE-WPC was acceptable because of the chemical modi-
372 ﬁcations on the surface were partially lost during 24 h after treatment, and a slight decrease
373 in the surface energy (mainly of the polar component) was produced; no noticeable
374 changes in Ar:O2 LPP treated PE-WPC surface was produced for times higher than 1 day.
375 Finally, 180 peel strength value of the joints made with Ar:O2 LPP treated PE-WPC
376 decreased during 24 h after treatment.
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